Sinorhizobium meliloti is a Gram-negative alpha-proteobacterium that can form symbiotic relationships with alfalfa and fix atmospheric nitrogen. The complete genome of a laboratory strain, Rm1021, was published in 2001, and the genome of this strain is arranged in three replicons: a chromosome of 3?65 million base pairs (Mb), and two megaplasmids, pSymA (1?35 Mb) and pSymB (1?68 Mb). However, the potential difference in genetic variation among the three replicons in natural strains remains poorly understood. In this study, a total of 16 gene fragments were sequenced, four from pSymA and six each from the chromosome and pSymB, for 49 natural S. meliloti strains. The analyses identified significant differences in divergence among genes, with the mean Hasegawa-Kishino-Yano-1985 (HKY85) distance ranging from 0?00157 to 0?04109 between pairs of strains. Overall, genes on pSymA showed the highest mean HKY85 distance, followed by those on pSymB and the chromosome. Although evidence for recombination was found, the authors' population genetic analyses revealed overall significant linkage disequilibria among genes within both pSymA and the chromosome. However, genes on pSymB were in overall linkage equilibrium, consistent with frequent recombination among genes on this replicon. Furthermore, the genealogical comparisons among the three replicons identified significant incongruence, indicating reassortment among the three replicons in natural populations. The results suggest both shared and distinct patterns of molecular evolution among the three replicons in the genomes of natural strains of S. meliloti.
INTRODUCTION
Prokaryotes and many eukaryotic microbes propagate primarily through asexual binary fission. As a result, in nature, most microbial populations show evidence of clonality. In population genetic terms, indicators of clonality include overrepresentation of certain genotypes, congruent phylogenies, and significant deviations from Hardy-Weinberg equilibrium and linkage equilibrium (Xu, 2004 (Xu, , 2005 . However, most natural microbial populations examined so far have also shown evidence of recombination (Xu, 2004 (Xu, , 2006 Seifert & DiRita, 2006) . Recent gene and genome-sequence comparisons have revealed that both homologous recombination and horizontal gene transfer (HGT) are ubiquitous in prokaryotic microbes (e.g. Gogarten et al., 2002; Seifert & DiRita, 2006) . One of the most commonly cited phenomena of microbial recombination and HGT is the spread of pathogenicity islands and antibiotic-resistance genes among human pathogenic microbes (e.g. Davies, 1994) . Understanding the roles of clonality and recombination in the genomes of natural microbial populations has significant implications in both basic and applied aspects of microbiology (Xu, 2006; Seifert & DiRita, 2006) .
Sinorhizobium meliloti is a Gram-negative alpha-proteobacterium capable of forming symbiotic relationships with alfalfa and occasionally several other plant species (including those in genera Medicago, Medica and Tetrinella), and fixing atmospheric nitrogen. This species is a model organism for studying plant-microbe interactions and the mechanisms of symbiotic nitrogen fixation (Finan et al., 2002) . The genome of a laboratory strain of this species, Rm1021, has been completely sequenced (Galibert et al., 2001) . Its genome structure has been found to be similar to that of most symbiotic nitrogen-fixing bacteria, in which genetic information is typically partitioned into a chromosome and a variable number of large plasmids that encode genes for symbiosis (Finan et al., 2002) . Like all strains of S. meliloti analysed so far, strain Rm1021 is found to contain three replicons (Sobral et al., 1991; Van Sluys et al., 2002; S. Sun & J. Xu, unpublished data) . However, the sizes of these replicons may vary among strains. For example, strain Rm1021 has a genome size of 6?7 million base pairs (Mb), with a 3?65 Mb chromosome, a 1?35 Mb megaplasmid called pSymA and a 1?68 Mb megaplasmid called pSymB (Galibert et al., 2001) . In contrast, the genome size of the type strain of S. meliloti, ATCC 9930, is about 370 kb larger than that of strain Rm1021 . Strain ATCC 9930 has a 3?65 Mb chromosome, a 1?63 Mb pSymA and a 1?82 Mb pSymB .
Using a variety of molecular markers, such as multilocus enzyme electrophoresis (MLEE), random amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP) and PCR-RFLP, several studies have shown high levels of genetic diversity within natural populations of S. meliloti (Biondi et al., 2003; Carelli et al., 2000; Hartmann et al., 1998; Jebara et al., 2001; Paffetti et al., 1996; Roumiantseva et al., 2002) . However, little is known about the potential similarities and differences among the three replicons in natural strains of S. meliloti. Based on Southern hybridization data using replicon-specific probes, evidence for recombination has been found between replicons in a soil population of 16 strains of a different symbiotic nitrogen-fixing bacterium, Rhizobium leguminosarum var. trifolii (Schofield et al., 1987) . However, in a different study, correlation was found between genotypes from the sym plasmid and the chromosome in field populations of R. leguminosarum (Young & Wexler, 1988) . At present, there is little information about the potential replicon-specific population structure in other prokaryotes with multiple large replicons.
Multiple gene genealogical analysis (MGGA) is a powerful method for inferring strain relationships and for analysing the structure of microbial populations (e.g. Kidd et al., 2005; Lan & Xu, 2006; Silva et al., 2005; Vinuesa et al., 2005; Xu, 2005; Xu et al., 2000) . MGGA is similar to the more widely known multilocus sequence typing (MLST) (Cooper & Feil, 2004; Maiden et al., 1998) . The major advantage of MGGA over MLST is that, using MGGA, the evolutionary relationships among individual alleles are taken into account in the inferences of relationships among strains and populations. Compared to other molecular markers, data generated by MGGA (and MLST) are unambiguous, can be easily stored in public databases, and are readily shared among researchers.
In this study, we used MGGA to examine the patterns of DNA sequence variation in a collection of natural strains of the nitrogen-fixing bacterium S. meliloti. A total of 16 genes distributed across the three replicons were analysed for each of 49 strains. Eighteen strains belonged to the most frequent MLEE type (ET), ET1, and the remaining 31 strains each had a different ET (Eardly et al., 1990 ; Table 1 ). Using this sample, we aimed to address the following questions. First, how much divergence is there among strains of S. meliloti at the individual gene level, at the replicon level, and at the genome level? Specifically, do genes on all three replicons show similar levels of polymorphism and divergence? Second, will the inferred strain relationships differ from each other depending on the genes and replicons analysed? Specifically, do strains belonging to ET1 cluster together in our gene genealogical analysis? Third, is there evidence for recombination within each replicon and among replicons?
METHODS
Strains and DNA isolation. The 49 isolates of S. meliloti analysed in this study were part of the collection used for the MLEE study reported by Eardly et al. (1990) . The ETs, geographic origins and host plant species of these strains are presented in Table 1 . This group contains 18 strains of ET1 and 31 strains of other ETs, with each of the 31 strains having a different ET. Dr Bert Eardly of Pennsylvania State University kindly provided us with these strains.
For each isolate, the storage culture from a 270 uC freezer was first streaked onto a TY (tryptone/yeast extract) agar plate and incubated at 30 uC. For each strain, a single colony was picked to inoculate liquid LBmc broth (per litre: 10 g pancreatic digest of casein, 5 g NaCl, 5 g yeast extract, 2?5 mM MgSO 4 and 2?5 mM CaCl 2 , pH 7). Cells were incubated at 30 uC with constant agitation at 120 r.p.m. and harvested by centrifugation when the population density reached an OD 600 of 0?8-1?0. Genomic DNA was extracted using a method previously described for S. meliloti . The quantity and quality of DNA were assessed using the UltraSpec 2000 pro spectrophotometer (Fisher Scientific).
Primers, PCR, and DNA sequencing. The 16 genes analysed here were randomly picked from diverse regions of the genome of strain Rm1021. Here, we assumed that strain Rm1021 had a genome structure typical of S. meliloti, and that the 16 genes analysed on different replicons of Rm1021 were on corresponding replicons in other strains (Sobral et al., 1991) . The primers were designed based on the genome sequence of strain Rm1021 (http://bioinfo.genopole-toulouse.prd.fr/annotation/iANT/bacteria/rhime/). The gene names, primer sequences, and their genomic locations are shown in Fig. 1 and Table 2 . The information in Fig. 1 and Table 2 is all based on the sequenced laboratory strain Rm1021 (Galibert et al., 2001) . For the SmbExoF3 gene, two primer pairs were used, with 44 strains amplified by the ExoF3-1 primer pair, and five strains (M56, M275, N6B9, CC2003 and M294) amplified by the ExoF3-2 primer pair. The change of primers was necessary because the initial ExoF3-1 primer pair did not work for these five strains. PCR for all other genes was successful for all strains using a single primer pair each (Table 2) .
A typical PCR reaction contained 6 ml diluted genomic DNA template (~20 ng), 0?5 U Taq DNA polymerase, 1 mM each primer and 200 mM of each of the four deoxyribonucleotide triphosphates, in a total volume of 30 ml. The following PCR conditions were used for all amplifications: 4 min at 95 uC, followed by 30 cycles of 30 s at 95 uC, 30 s at 56 uC (at 50 uC for ExoF3-2), 45 s at 72 uC, and finally 7 min at 72 uC.
After confirmation of the PCR products by agarose gel electrophoresis, PCR products were cleaned using the DiaMed PCR cleanup kit according to the manufacturer's manual. The purified PCR products were then sequenced (Mobix Laboratory, McMaster University, Canada) using an Applied BioSystems Prism 3100 automated sequencer with dRhodamine-labelled terminators (PE Applied BioSystems), following the manufacturer's instructions.
Data analyses
Phylogenetic analysis. The analyses of DNA sequence variation within a gene, among genes within a replicon and among replicons were performed using the programs PAUP* (Swofford, 2004 ) and MULTILOCUS 1.3 (Agapow & Burt, 2001) . The maximum parsimony (MP) trees were obtained using heuristic searches and the tree-bisection reconnection (TBR) branch swapping with 100 starting trees obtained by a random sequential addition of taxa. Searches for MP trees were conducted for each of the 16 genes, the combined gene sequences on each replicon, and the combined sequences for all 16 gene fragments. Mid-point rooting was used for all phylogenetic trees.
To compare the amount of sequence divergence among genes, pairwise strain sequence difference was calculated for each of the 16 genes, for the combined sequence information on each of the three replicons, and for the combined 16 genes from all three replicons using the Hasegawa-Kishino-Yano-1985 (HKY85) distance measure. The HKY85 model is chosen because it treats transitions and transversions differently, and uses observed base-substitution patterns to derive the optimal weighting scheme among various types of transitions and transversions. In addition, HKY85 does not assume equal base frequencies in the analysed genes and takes into account base frequency heterogeneity. Base frequency heterogeneity is commonly observed in rhizobia genes and genomes, including those of S. meliloti (Galibert et al., 2001) . The HKY85 distances were obtained through PAUP*, but were then exported to Microsoft Excel for calculations of means and standard deviations. Statistical significance between replicons in mean pairwise strain divergence was assessed by the non-parametric Mann-Whitney U test (a rank-order test).
Linkage disequilibrium. To examine the potential differences in linkage disequilibrium among genes and among replicons, we implemented three complementary tests. Because of the large number of haplotypes for each gene in this collection of strains, the use of unique haplotypes as individual alleles for each sequenced gene would make two of the following three tests meaningless [i.e. the index of association (I A ) and the phylogenetic incompatibility tests]. Instead, we analysed linkage disequilibria among phylogenetically informative polymorphic nucleotide sites, and treated each site as a locus and different bases at each site as an allele. The phylogenetically informative sites were then defined as different linkage groups based on the specifics of individual analyses using the program MULTILOCUS (Agapow & Burt, 2001) .
In the first test, we calculated the standard, most commonly used multilocus linkage disequilibrium, I A . In this test, the observed data were compared against the null hypothesis that alleles (i.e. bases) from different loci (i.e. phylogenetically informative sites) were randomly associating with each other. If the population were clonal, there would be significant linkage disequilibrium and the null hypothesis of random allelic association would be rejected. The underlying assumptions, formulae, and inferences of statistical significance of I A , can be found on the MULTILOCUS program homepage (Agapow & Burt, 2001) . Because the value of the traditional I A can be influenced by the number of loci analysed (typically the higher the number of loci, the higher the I A value), to make comparisons between genes and replicons easier to interpret, we standardized the I A value by the number of loci (i.e. phylogenetically informative sites). This standardized index is called Rd (Agapow & Burt, 2001) .
In the second test, the proportion of pairwise loci that were phylogenetically incompatible was calculated. In the simplest case, in a haploid species (such as most bacteria, including S. meliloti), a phylogenetic incompatibility occurs between two loci with two alleles each when all four possible genotypes are found in the population. Phylogenetic incompatibility is an indicator of recombination at the population level. The incompatibility ratio (IR), where IR=(number of incompatible pairs of sites in the test dataset)/(number of incompatible pairs of sites in a randomly shuffled dataset), can be used as a test for inferences of statistical significance. For each IR test, 1000 randomizations were performed and the 95 % confidence interval was generated and compared with the observed percentage of phylogenetically incompatible pairs of loci. In each comparison, a P value of less than 0?05 would indicate that the hypothesis of random recombination should be rejected for the population (Agapow & Burt, 2001) .
The above two analyses compared the observed data against the null hypothesis of random recombination. In small populations with highly skewed allele frequencies, these tests can have a significant type II error: the error to accept a null but false hypothesis. Because the sample size here is relatively small (n=49) and singleton alleles are common, to minimize the type II error, we also used the third complementary test, the partition homogeneity (PH) test. The PH test is also called the incongruence length difference (ILD) test. The null hypothesis for the PH test is strict clonality (Farris et al., 1994) . Using phylogenies inferred from different genes, this test compares whether genealogies from different genes are congruent. Congruent gene genealogies suggest clonality and incongruent gene genealogies indicate recombination. Specifically, when multiple genealogies are compared, the length of the shortest possible tree from the combined dataset is compared to that of observed data. If the tree length from the observed dataset is significantly longer than that of the shortest possible tree, the genealogies are considered incongruent. In contrast, if the tree length of the observed dataset is not significantly different from that of the shortest possible tree, these genealogies are considered statistically congruent. The statistical significance of this test is derived using 100 randomizations of phylogenetically informative polymorphic nucleotides among genes within the same strain. The starting trees (100) were obtained by random sequential addition of taxa, and branch swapping was done using the tree-bisection reconnection method. The PH test was conducted among genes within each replicon, between pairs of replicons, and among all three replicons. 
RESULTS

Haplotype variation among genes and replicons
The number of nucleotides analysed for each gene and each replicon is presented in Table 3 . Among the total of 11 189 nucleotides obtained from the 16 genes, 2995 nucleotides were from the four genes on pSymA, 4170 nucleotides from the six genes on pSymB, and 4024 nucleotides from the six genes on the chromosome. For the 49 strains, the number of unique sequence types (called a haplotype) varied widely among the 16 sequenced gene fragments, from six to 24, with a mean of 13?5 haplotypes per gene fragment (Table 3) . Overall, more haplotypes were found for genes on the two megaplasmids pSymA (a mean of 18?5 haplotypes per gene) and pSymB (a mean of 14 haplotypes per gene) than for those on the chromosome (a mean of 9?7 haplotypes per gene). Among the 49 strains, the combined gene sequence analyses identified 43 unique haplotypes for pSymA, 46 haplotypes for pSymB, and 34 haplotypes for the chromosome (Fig. 2 , Table 3 ). Analysis of the 16 genes together showed that each of the 49 strains had a unique multilocus genotype (Fig. 3 ).
In this collection of strains, similar genotypic diversities were observed between strains of ET1 (n=18 strains) and those of other ETs (n=31 strains). Based on the sequences from pSymA, we identified a total of 15 unique genotypes for the 18 ET1 strains and 29 genotypes for the 31 strains of other ETs. While a slightly higher genotypic diversity was observed for the non-ET1 sample based on pSymB sequences (31 genotypes for 31 strains) than for the ET1 sample (16 genotypes for 18 strains), the reverse was true for the chromosomal genes. Specifically, for the combined six genes on the chromosome, 16 genotypes were found for the 18 ET1 strains, while 20 genotypes were found for the 31 strains with other ETs. Of interest are two strains, 74B3 (ET8) and N4A3 (ET1), which showed identical pSymA and pSymB sequences, but had slightly different genotypes based on chromosomal gene sequences (Figs 2 and 3) . These two strains differed at one base each for two of the six sequenced genes, Smc1261 and SmcOxyR. Based on the combined DNA sequences from all 16 genes, each of the 49 strains had a unique genotype. Because the genotypic diversity among the ET1 strains was similar to that of non-ET1 strains, in the following analysis we did not treat them separately but analysed all 49 strains together.
Mean sequence divergence between strains
The mean pairwise HKY85 distance between strains was calculated for each gene, each replicon and the whole genome, based on available sequences (Table 3 , last column). The smallest was found for the SmcAqpz1 gene (mean±SD=0?00157±0?00164; n=1176 pairwise comparisons) located on the chromosome, and the largest was found for the SmbExoF3 gene (mean±SD=0?04109±0?05813; n=1176) located on pSymB, corresponding to a difference of over 26-fold. In general, genes on the chromosome showed significantly less among-strain divergence than genes on pSymA and pSymB.
When genes on the same replicon were considered together, the mean divergence for genes on pSymA (mean=0?01498; SD=0?01066) was over four times greater than that for chromosomal genes (mean=0?00349; SD=0?00258). Similarly, the mean strain divergence for genes on pSymB (mean=0?01285; SD=0?01109) was over three times greater than that of the chromosomal genes. The non-parametric
Mann-Whitney U test indicated that while the mean divergence for the sequenced pSymA genes was not significantly different from that of those on pSymB (U=16, one-tailed P=0?238), both showed significantly greater divergences than those on the chromosome. Specifically, the Mann-Whitney U values were 24 and 32 between pSymA and the chromosome, and between pSymB and the chromosome, with P values of 0?005 and 0?013, respectively. Because the gene SmbExoF3 from pSymB showed an abnormally high divergence, we also tested the differences between replicons excluding SmbExoF3. However, our analysis indicated no significant difference in the tests with or without the SmbExoF3 gene. Without including the SmbExoF3 gene, the Mann-Whitney U value between pSymA and pSymB was 16, with a P value of 0?095, indicating no significant difference. Similarly, excluding the SmbExoF3 gene, the U value between pSymB and the chromosome was 26, with a P value of 0?026, indicating a significant difference and consistent with the comparison that included the SmbExoF3 gene.
Linkage disequilibria and IR tests
To investigate the relationships among alleles at polymorphic nucleotide sites, we analysed all phylogenetically informative sites (i.e. nucleotide sites that had at least two alleles with each present in at least two strains) using the MULTILOCUS software. Specifically, we calculated the overall I A among alleles at different sites and obtained the percentage of pairwise sites that were phylogenetically incompatible. Within each of the 16 genes, we found no evidence of phylogenetic incompatibility or recombination (data not shown). Therefore, our focus here is on comparing the associations among phylogenetically informative sites between genes on the same replicon and between replicons. To achieve these goals, we performed two sets of tests. The first computed the allelic association between all pairwise gene combinations within each of the three replicons, and the second computed the overall association among all genes within each replicon. The summary results of the analyses are presented in Table 4 . Below is a brief overview of the results.
Of the six pairwise combinations for genes on pSymA, results from three pairs consistently rejected the null hypothesis of random association among alleles by both the IR test and the I A test. The hypothesis of random association for two other combinations was rejected by one test each, and both tests failed to reject one combination (i.e. the gene pair Sma1440 versus SmaNifH) (Table 4) . Interestingly, all three pairs that showed signatures of random association involved gene Sma1440. Analysing all four genes together, the null hypothesis of random association among polymorphic nucleotide sites was rejected by both methods (Table 4 ). Overall, the results provided evidence of clonality with localized recombination (most likely involving gene Sma1440) among the four sequenced genes on pSymA. While a similar pattern to that of pSymA was observed for the six genes on the chromosome (Table 4) , a different pattern overall was seen for genes on pSymB. The combined analysis of all phylogenetically informative polymorphic sites among genes on pSymB failed to reject the null hypothesis of random recombination, indicating a popula-tion structure not significantly different from random association (Table 4 ). However, it should be pointed out that significant linkage disequilibria were seen in about onethird of the pairwise gene combinations in pSymB in each of the two tests, a result indicative of some localized clonality on pSymB. 
Gene genealogy analyses
We used the MP method to infer the relationships among strains for each of the 16 genes (trees not shown), as well as for the combined sequences for each of the three replicons and for all the combined gene sequences. The number of MP trees and the lengths of these MP trees for the 16 genes are summarized in Table 3 . Fig. 2 shows three representative MP trees, one for each replicon, based on all the combined DNA sequences. Bootstrap values greater than 90 % are labelled for individual branches on the phylogenetic trees.
While phylogenetic analyses of genes on each of the three replicons identified several robust clusters of strains that were shared among the three replicons (Figs 2  and 3) , overall, the PH test identified limited evidence for phylogenetic congruence among genes within each of the three replicons as well as between replicons (Table 5) . All combined MP trees had lengths significantly longer than the summed lengths of individual gene trees ( Table 5 ). The results of the PH tests are consistent with recombination among the analysed genes on the three replicons. In addition, we also observed incongruence among the phylogenetic trees inferred from among the three different replicons. In all three pairwise PH tests among the three replicons, the lengths of the combined MP trees were significantly longer than the summed length of MP trees based on individual replicons (Table 5) . Thus, the PH tests rejected the null hypotheses of congruence among MP trees from the sequences of the three replicons. The significantly incongruent phylogenies among the three replicons provided evidence of recombination among the replicons in nature.
Our genealogical analyses identified some geographic or host-specific clusters of strains. For example, five strains (56A14, 15B4, 74B4, 128A10 and 74B12), each with a different ET, originally isolated from M. sativa plants in Pakistan, were consistently clustered together in all phylogenies, based on sequences derived from pSymA, pSymB and the chromosome (Fig. 2) . Another strain from Pakistan, 74B15, showed clustering with the above five strains based on the pSymA and chromosomal phylogenies but had a different clustering pattern on the pSymB phylogeny (Fig. 2) . Despite the existence of such clusters, overall, there was little consistent pattern of host species-or geographic location-based strain relationships across the three replicons. Furthermore, strains of ETI were not clustered together in any of the replicon-based MP trees (Fig. 2) or the combined phylogenetic tree that included all the sequences (Fig. 3 ).
DISCUSSION
In this study, we sequenced fragments of 16 genes distributed widely throughout the genome of the model laboratory strain Rm1021 of the nitrogen-fixing bacterium S. meliloti. For each of the 49 strains, we analysed a total of 11 189 nucleotides, representing about 0?167 % of the whole genome of Rm1021. Our analyses revealed a diverse range of molecular divergence among genes (HKY85 distance ranges between 0?00157 and 0?04109) and among replicons (HKY85 distance ranges between 0?00349 and 0?01498). Among the sequenced genes, on average, those on the megaplasmid pSymA showed the highest sequence divergence, followed by genes on pSymB, with genes on the chromosome showing the lowest divergence. Our multilocus linkage disequilibrium analyses using I A identified two replicons, pSymA and the chromosome, having overall clonal population structures. However, limited recombination was also noted for these two replicons based on other tests. In contrast, pSymB showed an overall structure not significantly different from random recombination. Our phylogenetic analyses identified very limited geographic, host species-specific or MLEE-based patterns of sequence variation.
Most MLST studies of prokaryotes and eukaryotic microbes conducted so far have examined four to seven genes with a total of 2-5 kb of sequence (Cooper & Feil, 2004; Maiden et al., 1998) . In these studies, to ensure amplification of the genes from all strains, the chosen genes have typically been conserved house-keeping genes, encoding essential cellular functions. In contrast, our criteria were to provide a broad coverage of the physical locations of the genes on the three replicons. Prior to the analysis of these genes, we had no knowledge about the level of DNA sequence variation among strains for any of these 16 gene fragments. As a result, we believe that the large number of genes analysed and the randomness in our selection process ensure that our data are representative of the genome of S. meliloti and that the data here provide a realistic assessment of the genetic variation among strains. As expected, we found that the variation in mean sequence divergence among genes in this study was greater (a 26-fold difference between the most variable gene SmbExoF3 and the least variable gene SmcAqpz1) than those in most other studies. For example, the sequenced loci in the human pathogen Neisseria meningitidis show a maximum sixfold difference between genes in their mean sequence divergence among strains, typical of most MLST studies of prokaryotes (Cooper & Feil, 2004; Seifert & DiRita, 2006) .
Compared to genes on the two megaplasmids, genes on the chromosome showed a lower divergence level among strains. While the exact mechanism(s) for these differences is unknown at present, there are two possibilities. The first is that genes on pSymA and pSymB may be under significantly fewer functional constraints than those on the chromosome. Therefore, genes on the two megaplasmids might be more prone to the accumulation of mutations. Laboratory studies have shown that significant portions of the genes on pSymA and pSymB can be deleted with few or no fitness consequences (Charles & Finan, 1991; Oresnik et al., 2000) , consistent with the lack of functional constraints for genes on these two megaplasmids. The second hypothesis is that genes on pSymA and pSymB might be under positive selection. Signatures of positive selection have been detected for the nodulation receptor kinase (NORK) gene in one of the host plants of S. meliloti, Medicago truncatula (De Mita et al., 2006) . It is possible that many genes on pSymA and pSymB are highly niche-specific and that their divergence is associated with host specialization and/or frequent niche switching. It is interesting to note that the gene with the highest mean divergence, SmbExoF3, is located on pSymB and that it encodes a putative outer-membrane protein. Its high rate of divergence might have significant functional implications, e.g. in host recognition and niche specialization. However, a preliminary analysis found little evidence of positive Darwinian selection for this gene, as the ratio of non-synonymous substitutions to synonymous substitutions within the sequenced SmbExoF3 gene fragment was significantly lower than 1 (data not shown). More robust analyses with additional sequences from closely related bacterial species such as Sinorhizobium medicae and Sinorhizobium fredii, as well as their interacting genes from a variety of host species, are needed to critically evaluate these hypotheses.
This study used three different tests to infer allelic associations among polymorphic nucleotide sites within a replicon as well as among replicons: the I A test, the IR test and the PH test. Overall, the three analytical methods showed similar results. However, minor differences and inconsistencies were found (Tables 3 and 4 ). The inconsistencies were likely the results of the differences among the tests themselves. For example, the three methods have different null models. The tests for I A and IR used the null model of complete random association, while the PH test used strict clonality as the null hypothesis (Agapow & Burt, 2001; Farris et al., 1994) . In addition, all three analytical methods are highly sensitive to several factors, such as strain population size, the number of polymorphic nucleotide sites, and the frequency of individual alleles at these polymorphic sites. The number of strains used in this study was relatively small (n=49), and many polymorphic sites had highly skewed allele frequencies, thus potentially contributing to the observed inconsistencies among the analytical methods.
Our analyses provided evidence of recombination between genes within all three replicons, with genes on pSymB showing overall linkage equilibrium based on I A . These results suggested that genetic exchange and recombination have played a significant role in natural populations of S.
meliloti. Using a whole-replicon nearest-neighbour analysis, Wong & Golding (2003) have shown that pSymB in strain Rm1021 has a complex evolutionary history, with closest sequence matches coming from diverse groups of organisms. Their analysis is consistent with our observation of frequent recombination for genes on pSymB. However, their theoretical study analysed only one replicon from a single strain; the potential differences among strains and replicons in S. meliloti were not analysed (Wong & Golding, 2003) .
We observed differences in the overall allelic associations among the three replicons. While the exact mechanisms are unknown, several non-mutually exclusive mechanisms could help explain the observed differences in the degree of recombination among the replicons. In the first hypothesis, there might be intrinsic differences in the rate of recombination (DNA-strand breakage and repair) among the three replicons. These breakages and repairs may be related to the activity of insertion sequence (IS) elements and phage-like elements among the three replicons. In the genome of strain Rm1021, abundant IS elements and phage-like elements are found in all three replicons (Galibert et al., 2001) . In the second hypothesis, there might be frequent loss and gain of megaplasmids (or portions of megaplasmids) among strains in natural populations. Indeed, the entire megaplasmid pSymA and large portions of megaplasmid pSymB can be deleted from the genome of S. meliloti, with few or no fitness consequences, under certain laboratory conditions (Charles & Finan, 1991; Oresnik et al., 2000) . Recent screening for novel DNA sequences (sequences that are absent in the genome of the model laboratory strain Rm1021 but are present in other natural strains of S. meliloti) among natural strains of S. meliloti has also identified frequent gains and losses of DNA fragments on the two megaplasmids and, to a lesser extent, on the chromosome as well . The frequent gains and losses could have contributed to the observed phylogenetic incongruences among the three replicons. In the third hypothesis, putative conjugative transfer genes have been found on pSymA of strain Rm1021, and these genes could potentially mediate HGT and contribute to random allelic associations among replicons (Galibert et al., 2001) . HGT has been found in many natural bacterial populations, including nitrogen-fixing bacteria (Seifert & DiRita, 2006; Silva et al., 2005; Xu, 2006) . For example, in a symbiotic nitrogenfixing bacterium, Sullivan et al. (2002) found that a 502 kb symbiosis island in Mesorhizobium loti strain R7A was transferred to a non-symbiotic Mesorhizobium strain in the soil, converting the recipient cell to a symbiont. Although no evidence for direct genetic exchange between marked strains of S. meliloti has been found in nature, a cluster of genes encoding a type IV pilus has been found on pSymA of strain Rm1021 (Galibert et al., 2001) . Type IV pili are unique structures on the bacterial surface that are found in many Gram-negative bacteria. They play important roles in adhesion to host cells, in infection by bacteriophages, and in conjugative DNA transfer among strains (Ashelford et al., 2003; Door et al., 1998) .
We identified significant sequence variation among the 18 strains of ET1 (Figs 2 and 3) . The combined sequence analysis revealed that each of the 18 strains had a unique multilocus genotype. While small clusters of ET1 strains were found in most phylogenetic trees (Figs 2 and 3) , overall, strains of ET1 showed a broad distribution on all three replicon-based phylogenies as well as on the phylogeny based on the combined sequences of the 16 genes. Our analyses thus demonstrated the high discriminatory power of MGGA over MLEE. A similar pattern of non-clustered distribution of ET1 strains was also found in a phylogenetic tree based on the analyses of 12 novel DNA fragments . The patterns from both datasets (i.e. gene sequences and novel DNA distributions) are consistent with the main conclusion of our study, i.e. recombination plays a significant role in the evolution and genome structure in natural strains of S. meliloti. However, like the results obtained from MLEE analysis, the genealogical analyses of these randomly selected genes revealed limited geographicor host species-based patterns of molecular variation (Figs 2 and 3; statistical analysis not shown). Instead, the analyses of these potentially neutral markers suggested significant gene flow between geographic regions and host species.
Dispersion and migration between different geographic areas could have been brought about by wind, water, or human activities such as the widespread cultivation of the host plant alfalfa in many parts of the world. Indeed, extensive gene flow between geographic populations has been found in other symbiotic nitrogen-fixing Rhizobium species associated with agricultural crops (e.g. Moreiar et al., 1998; Oyaizu et al., 1993) . For example, strains of Rhizobium etli, another common nitrogen-fixing species that can form a symbiotic relationship with legumes, have been found to be capable of dispersal along with the seeds of its host plant, Phaseolus vulgaris (Perez-Ramirez et al., 1998) . Similar evidence for long-distance dispersal has also been found for several other nitrogen-fixing bacteria, such as Rhizobium gallicum sensu lato and species in the genus Bradyrhizobium .
The lack of strictly host-specific clades in S. meliloti is also consistent with its lifestyle in nature. S. meliloti is not an obligate symbiont but exists mostly as a free-living bacterium in the soil. As a result, each genotype might be exposed to many potential host species. Indeed, in such situations, an obligate host specialization might be detrimental to the longterm survival of these strains in natural soil environments. Further functional analyses of these strains in diverse environments could help us determine the fitness consequences of these and other genetic variations in S. meliloti.
